Using metrics and sustainability considerations to evaluate the use of bio-based and non-renewable Brønsted acidic ionic liquids to catalyse Fischer esterification reactions by Farmer, Thomas James et al.
Clark et al. Sustainable Chemical Processes 2013, 1:23
http://www.sustainablechemicalprocesses.com/content/1/1/23RESEARCH ARTICLE Open AccessUsing metrics and sustainability considerations to
evaluate the use of bio-based and non-renewable
Brønsted acidic ionic liquids to catalyse Fischer
esterification reactions
James H Clark*, Thomas J Farmer, Duncan J Macquarrie and James SherwoodAbstract
Background: Ionic liquids have found uses in many applications, one of which is the joint solvation and catalysis of
chemical transformations. Suitable Brønsted acidic ionic liquids can be formed by combining lactams with
sulphonic acids. This work weighs up the relative benefits and disadvantages of applying these Brønsted acidic
ionic liquid catalysts in esterifications through a series of comparisons using green chemistry metrics.
Results: A new bio-based ionic liquid was synthesised from N-methyl pyrrolidinone and p-cymenesulphonic acid,
and tested as a catalyst in three Fischer esterifications under different conditions. An evaluation of the performance
of this Brønsted acidic ionic liquid was made through the comparison to other ionic liquid catalysts as well as
conventional homogeneous Brønsted acids.
Conclusion: Extending the argument to feedstock security as well as mass utilisation, ultimately in most instances
traditional mineral acids appear to be the most sensible option for Brønsted acid esterification catalysts. Ester yields
obtained from Brønsted acidic ionic liquid catalysed procedures were modest. This calls into question the diversity
of research exploring esterification catalysis and the role of ionic liquids in esterifications.
Keywords: Bio-based products, Brønsted acidic ionic liquid, p-Cymenesulphonic acid, Esterification, Green
chemistry, Ionic liquids, MetricsBackground
Esters are useful products for a variety of applications,
including plastics, fragrances and pharmaceuticals. The
least complicated and most useful of several esterifica-
tion methodologies is the Fischer esterification, which
requires an acid catalyst, and in the case of solid reac-
tants often a solvent as well. Fischer esterification com-
bines a carboxylic acid and an alcohol to produce the
desired ester, and water as the only by-product. Popular
catalysts are the familiar Brønsted acidic mineral acids
and Lewis acidic transition metal salts, but supported
catalysts (including enzymes) and recyclable heteroge-
neous solid acids are becoming increasing popular be-
cause of the influence of green chemistry [1,2]. Other* Correspondence: james.clark@york.ac.uk
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otherwise stated.methods of esterification may employ nucleophilic cata-
lysts or stoichiometric activators, and as such are harder
to justify except for the most unreactive substrates.
Applying the philosophy of green chemistry to esterifica-
tion, the use of equimolar quantities of each reactant to
give 100% conversion, whilst minimising unnecessary
VOC emissions, is desirable. Recycling of the catalyst
and any solvent would then result in minimal waste.
Nevertheless all auxiliary species should be sustainable,
present low toxicity and health concerns, as well as ef-
fective in assisting the transformation.
Given the choice of available esterification protocols,
metrics should be used to clarify the performance of a
reaction relative to the context established by alternative
routes to the same ester product. Yield is the most
prevalent calculation of reaction efficiency, and will al-
ways be regarded as the primary means of determining ifLtd. This is an Open Access article distributed under the terms of the Creative
commons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited. The Creative Commons Public Domain Dedication
main/zero/1.0/) applies to the data made available in this article, unless
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But to fully understand the implications of choosing a
certain esterification protocol over another, a more de-
tailed analysis is certainly required. The following met-
rics impart an appreciation of material use extending
beyond just the conversion of reactants to the product
(Table 1). Atom economy (AE) is defined by the reaction
stoichiometry and so favours Fischer esterification over
more elaborate methodologies. Atom economy does not
change when a particular product is made from different
protocols so long as the reactants remain the same [4].
Reaction mass efficiency (RME) offers more precision in
recording the utilisation of reactants than that implied
by yield, but RME still does not encompass auxiliary
species such as solvents. Process mass intensity (PMI),
related to E-factor, has been chosen by the American
Chemical Society Green Chemistry Institute’s Pharma-
ceutical Roundtable as the key mass-based metric [6].
As the ratio between input and useful mass output,
solvents and catalysts are now accountable. By taking its
inverse, PMI can be interpreted as a percentage that
allows a comparison with RME and yield metrics. The
name general reaction mass efficiency (gRME) has been
given to the inverse of PMI [7].
A new approach to Fischer esterification, developed to
minimise waste, utilises Brønsted acidic ionic liquids [8].
The first benefit of these ionic liquids is the joint cataly-
sis and solvation offered onto the reactants. This has
been realised with high loadings of acidic ionic liquids
(typically 25 mol%) applied at room temperature in
otherwise solvent-free systems [9]. Whether these quan-
tities adhere to the definition of solvent or not is debat-
able. Although described as solvents in the literature, at
sub-stoichiometric loadings perhaps lubricant is a better
descriptor of the role of these catalytic Brønsted acidic
ionic liquids. The acidity of the ionic liquid may origin-
ate from a pendant sulphonic acid group on the cation,
or the salt may be formed by the protonation of a lactam
by a strong acid, while the resulting conjugate base actsTable 1 A summary of mass based green chemistry
metrics
Metric Calculation Ref.
Yield /% Mass of desired product/Theoretical
maximum mass of product
AE/% Relative molecular mass (RMM)
of desired product/RMM reactants
[3]
RME/% Mass of desired product/Total mass
of reactants used
[4]
E-factor Total mass waste/Mass of desired product [5]
PMI Total mass required/Mass of desired
product = E-Factor + 1
[6]
gRME/% Mass of desired product=Total
mass required ¼ 1PMI
[7]as the anion (Scheme 1). Ionic liquids of the latter type,
formed by the protonation of N-methyl pyrrolidine
(NMP) have been demonstrated to assist several types
of reaction including esterifications [10-12]. Although
strictly speaking an acid–base equilibrium is unavoid-
able, the combination of NMP and a strong acid will be
assumed to result wholly in the ionic product. The pKa
values of protonated amides and arylsulphonic acids can
differ by about 3 so this is a reasonable approximation
under these circumstances.
A crucial advantage of Brønsted acidic ionic liquids as
esterification catalysts is that after a reaction performed
at room temperature, an organic phase consisting of the
ester product is often found to separate from the ionic
liquid phase (Table 2). Any water and the remaining re-
actants remain in the ionic liquid phase while the ester
can be removed as a pure component. High conversion
under usually equilibrium limited conditions is possible
because of this phase separation (Figure 1). Although
high yields have been achieved with Brønsted acidic
ionic liquid catalysts, a poor esterification yield is equally
as common (Table 2). As a result, the catalytic reaction
medium is potentially recyclable. The benefit of mild re-
action conditions helps justify the method on the
grounds of green chemistry. However not all reactions
can be performed at room temperature. To reduce the
very high catalyst loadings that are usually applied, an el-
evated temperature is necessary. Unfortunately these
protocols then mirror the typical reaction conditions
(e.g. 1 mol% sulphuric acid and an auxiliary organic
solvent at 323–384 K) that the new system is meant to
improve on. Also of note is the lack of a biphasic reaction
system when employing the ionic liquid made from
triethylamine and p-toluenesulphonic acid. Before any
Brønsted acidic ionic liquid is adjudged to be an optimal
solution, metrics must extend to encompass the synthesis
of the catalyst to gain a greater appreciation of the
environmental impact of the reaction.
Results and discussion
Brønsted acidic ionic liquids were created from the reac-
tion between NMP and Brønsted acids according to the
literature protocol [10]. It was felt necessary to considerN N
SO3H
HSO4
N OH
SO3
[H-NMP][MeSO3][h(SO3H)mim][HSO4]
Scheme 1 Two examples of Brønsted acidic ionic liquids.
Table 2 Brønsted acidic ionic liquids in esterifications
Ionic liquid cation Ionic liquid anion Catalyst loading T/K Product Yield (2–4 hours) Phase split Ref.
[b(SO3H)bim] [CF3SO3] 100% RT Octyl hexanoate 82%* N [8]
[H-NMP] [HSO4] 0.5% 353 Butyl acetate 67% Y [13]
[H-NMP] [MeSO3] 25% RT Butyl acetate 95% Y [9]
[H-caprolactam] [MeSO3] 20% 303 Butyl acetate 95% Y [14]
[H-pyridine] [HSO4] 25% 358 Butyl acetate 71% Y [15]
[H-NEt3] [HSO4] 25% 363 Octyl acetate 81% Y [16]
[H-NEt3] [OTs] 18% 363 Octyl acetate 42% N [16]
[bmim] [OTs] 33% 383 Benzyl acetate 100% Y [17]
*48 hour reaction.
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uids to preserve the sustainability of the esterification
methodology that is reliant on them as catalysts. A route
to bio-based NMP has recently been described in the
literature using the amino acid glutamic acid as the
primary feedstock (Figure 2) [18]. Although sources of
glutamic acid in food waste are abundant and renewable
[19], the suggested one-pot synthesis from 4-aminobutyric
acid onto NMP is currently less than 40% efficient after a
nearly quantitative enzymatic decarboxylation [18,20]. An
alternative approach would be to recreate the existing
manufacturing process for NMP [21], but replace the nat-
ural gas feedstock with the product of anaerobic digestion
(Figure 2) [22]. This would lend some promise to the lon-
gevity of NMP production if it were not for legislative
action based on product toxicity [23]. Issues with NMP are
explained in more detail in the Additional file 1 that accom-
panies this article.
For the choice of ionic liquid anion, sulphuric acid or
sulphonic acids can be used to protonate NMP.
Sulphuric acid is produced via the oxidation of sulphur
to sulphur trioxide in the contact process before hydra-
tion [24]. A significant amount of contemporary sulphur
production relies on the hydrogen sulphide released with
natural gas drilling operations [25]. The electrophilic
substitution reaction between toluene (another product
of the oil refinery) and either sulphuric acid or sulphur
trioxide yields p-toluenesulphonic acid (p-TSA), another
potential Brønsted acidic ionic liquid anion precursor
[26]. There are however alternative renewable sources ofEster
Ionic liquid
(Alcohol) (Acid)
Water
Ionic liquid
Alcohol
Acid
Figure 1 A schematic illustration of a Brønsted acidic ionic
liquid mediated esterification.chemicals suitable for making more environmentally
sustainable Brønsted acidic ionic liquids. The large
quantities of citrus waste accumulating annually around
the world make value adding applications an attractive
enterprise. Globally orange waste far exceeds 10 million
tonnes per year [27]. The essential oil of these oranges
consists almost entirely of (R)-(+)-limonene [28], hence-
forth referred to simply as limonene, from which the key
commodity chemical product p-cymene can be made
[29]. Although known for over a century [30,31], the
sulphonic acid of p-cymene, namely p-cymene-2-
sulphonic acid (p-CSA), has only very recently been used
as an acid catalyst to replace p-TSA [32,33]. Similarly p-
CSA can replace p-TSA in the synthesis of Brønsted acidic
ionic liquids. Therefore the combination of NMP and p-
CSA to make a renewable ionic liquid, namely [H-NMP]
[OCym] where OCym represents the conjugate base of p-
CSA, is a potentially sustainable replacement for current
options touted in the literature (Scheme 2). Both cation
and anion are ultimately sourced predominately from
waste streams and so the environmental impact of this
Brønsted acidic ionic liquid, at least from a resource deple-
tion point of view, need not be significant [34,35]. Of
course sulphuric acid and its downstream products are
unsustainable because of the origin of sulphur is petro-
chemical, but presently certification of bio-based prod-
ucts is only reliant on the proportion of bio-based
carbon atoms found in the final article [36,37].
As with examples of equivalent syntheses in the litera-
ture, an auxiliary solvent was used to make the Brønsted
acidic ionic liquids. For this work dichloromethane
(DCM) was the solvent of choice. Other studies have
employed benzene [9,14], as well as DCM as the solvent
[10]. Obviously in the case of [H-NMP][OCym] this
compromises the bio-based label that may be attributed
to the final product. Both DCM and benzene, aside from
being suitably high performance but non-renewable sol-
vents for esterification reactions (the sort that the ionic
liquids synthesised in them were intended to replace)
are quite toxic, which is certainly worth considering on
Synthesis from a natural gas feedstock Bio-based route
Figure 2 The synthesis of natural gas derived and bio-based N-methyl pyrrolidinone (equations not balanced).
Clark et al. Sustainable Chemical Processes 2013, 1:23 Page 4 of 13
http://www.sustainablechemicalprocesses.com/content/1/1/23a par with renewability arguments. After stirring the two
reactants overnight, evaporation of the auxiliary organic
solvent provided the Brønsted acidic ionic liquid in
quantitative yield. The esterification reaction compo-
nents could be added directly to the ionic liquid without
formal isolation in order to obtain the desired ester. The
salt formed between NMP and p-TSA, [H-NMP][OTs],
was actually a solid (with a melting point of 355 K),
unlike [H-NMP][OCym] which is a liquid at room
temperature. This general class of acid–base salt pairs
will still be referred to as ionic liquids anyway for con-
venience. In addition to [H-NMP][OTs] and [H-NMP]
[OCym] Brønsted acidic ionic liquids, [H-NMP][HSO4]
the combination of triethylamine and p-TSA to give
[H-NEt3][OTs] were also tested as potential esterifica-
tion catalysts (Scheme 3).
Three model Fischer esterification reactions were
attempted using the ionic liquids in Scheme 3. The first
was the synthesis of benzyl acetate (Scheme 4). The rate
of reaction at 323 K was monitored by 1H-NMR spec-
troscopy as established in previous esterification studies
[38]. To begin with p-cymene was used as a renewable
solvent replacement for toluene. This was in order to
focus on the catalytic effect of the ionic liquids before
being applied in greater quantities as both catalyst and
solvent in the absence of a secondary auxiliary solvent.
The reaction does actually occur in the absence of a
catalyst but the slow rate is not practical, with reaction
times running into weeks before appreciable ester con-
centrations were observed. It was found for the ionic
liquids created from NMP and either p-TSA or p-CSASH2SO4
- H2
Scheme 2 The synthesis of p-CSA from limonene and subsequently athat their catalytic activity was marginally lower than
that of the parent sulphonic acid (Figure 3). In addition,
[H-NMP][OTs] provides a marginally superior reaction
enhancement over the equivalent p-CSA derived ionic
liquid, which may be a consequence of the relative
strength of the acids [32]. The slightly lower acidity of
p-CSA implies a greater interaction between proton and
the conjugate base of the sulphonic acid which will hin-
der catalysis. Increasing the ionic liquid catalyst loading
from 1 mol% to 10 mol% is required to trump the per-
formance of the respective parent sulphonic acid at a
1 mol% loading, regardless of whether [H-NMP][OTs]
or [H-NMP][OCym] is used. By not improving upon the
reaction performance when it is catalysed by the more
traditional sulphonic acids, and given the additional
preparation required, it may be concluded that these
Brønsted acidic ionic liquids are not a valid option if ap-
plied solely as catalysts. In the absence of an auxiliary
solvent however, by also assuming the role of solvent in
addition to acting as a catalyst, there is a greater scope
for the application of this class of additive.
As already identified in previous studies, esters pro-
duced by Fischer esterification in certain Brønsted acidic
ionic liquids will form a unique phase, offering a means
of easy removal from the reaction system [39]. The
continuous separation of the product will adjust the
equilibrium position in the reactive ionic liquid phase,
promoting further esterification. This is the same
principle used in more typical esterification strategies,
which include distillation and the use of an excess of
one reactant [2]. The advantage of the ionic liquid phaseN OO3H
N O
SO3
H
bio-based Brønsted acidic ionic liquid.
[H-NMP][HSO4] (1) [H-NMP][OTs] (2)
[H-NEt3][OTs] (4)[H-NMP][OCym] (3)
N OHHSO4
N OH
SO3
SO3
N
H
N O
SO3
H
Scheme 3 The Brønsted acidic ionic liquids used in this study.
3.0
4.5
6.0
7.5
9.0
ln(k·107) 0 mol%
1 mol%
10 mol%
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temperature) and reusable whilst also being compatible
with the reaction of two solids. After stirring overnight
at the ambient temperature without an auxiliary solvent,
the synthesis of benzyl acetate assisted by 25 mol% of
[H-NMP][HSO4] did indeed result in a biphasic system.
The ester containing organic phase could be retrieved
without additional workup.
Application of the sulphonate salts, for example [H-
NMP][OCym], did not result in a biphasic system and so
diethyl ether and water were used to partition the reaction
mixture. All the ionic liquids tested were found to be
hydrophilic; all being synthesised from water soluble reac-
tants. The absence of a reaction enhancing phase split,
and the need of a workup procedure, has obvious negative
implications on the associated metrics of the reaction (as
summarised subsequently). Contrary to rival reports,
yields were modest at best, with the purity of the organic
phase typically about 80% in favour of the ester (Figure 4).
Without a phase split the productivity of the reaction was
dictated by the catalytic activity of the Brønsted acidic
ionic liquid, reflected by the trend in Figure 4 [32]. Purity
was compromised by the presence of the unreacted start
materials, but also the ionic liquid catalyst was usuallyOH
OH
O O
O
- H2O
Scheme 4 The Fischer esterification to benzyl acetate.present to a small degree, as confirmed by 1H-NMR
spectroscopy.
The reaction barely progressed at all with [H-NEt3]
[OTs], indicating the importance of an amide base as the
basis of the Brønsted acidic ionic liquid catalyst. Because
very strong acids are required to protonate weakly basic
lactams such as NMP, it is likely that the proton is read-
ily given up to the activated complex of the reaction.
The conjugate base of the acid partner, be it bisulphate0.0
1.5
n/a p-TSA 2 p-CSA 3
Catalyst
Figure 3 Rate constants describing benzyl acetate esterification
in p-cymene (at 323 K unless otherwise stated).
0%
20%
40%
60%
80%
100%
1 2 3 4
Catalyst
Yield
Purity
Figure 4 Yields of benzyl acetate and the purity of the ester
containing organic phase.
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and so surely plays no active role in the catalysis of the
reaction. Amines are more basic than amides and can be
protonated by mild acids. If triethylamine exists as a
quaternary salt this may explain the failure of [H-NEt3]
[OTs] to promote the reaction, which depends on pro-
ton transfer (Figure 5). Work conducted by Chiappe
et al. also resulted in uninspiring esterification yields
when using protonated amine and imidazole based ionic
liquids as catalysts [40]. The yields of these experiments
were successfully correlated to the Hammett acidity ofδ
δ
Figure 5 The mechanism of Fischer esterification catalysed by Brønstthe catalyst. This is consistent with the difference in
catalytic activities observed throughout this work. One
further consideration is the nature of the protonation
experienced by NMP. Although the exponents of
Brønsted acidic ionic liquid catalysts exclusively draw
protonation of the nitrogen atom of lactams, it is known
to be rare [41,42]. Instead the carboxamide resonance
which creates an electron deficient nitrogen atom results
in an electron rich oxygen atom of the carbonyl moiety
that logically is subject to protonation [43]. This isomer
of the cation is shown catalysing the reaction in
Figure 5.
The RME and gRME metrics defined earlier can be
used to supplement yields and broaden understanding
of the process (Figure 6). Whereas RME closely mir-
rors reaction yields in this reaction because of the 1:1
molar ratio of reactants, a reliance or absence of work
up solvents makes a big impact on the gRME. As such
the use of [H-NMP][HSO4] is appealing beyond the su-
perior yield it offers as a catalyst. Reverting from gRME
to PMI, the waste stream contributions of each reac-
tion can be identified and separated into solvent,
additional water, and the remaining waste caused by
unreacted start materials and the water of reaction
(Figure 7) [44]. The phase split induced by [H-NMP]
[HSO4] meant that no additional solvents were re-
quired, hugely reducing the waste common to other
esterification protocols. The magnitude of the PMI is
dictated by the observed conversion, which is why
[H-NEt3][OTs] suffers under this analysis. The small
contribution to waste by unreacted starting materials
(and the by-product water) highlights the need to min-
imise or circumvent solvent intensive work up proce-
dures. With this in mind only [H-NMP][HSO4] provides
a reasonable option as a Brønsted acidic ionic liquid
catalyst.δ
δ
ed acidic ionic liquids.
0%
20%
40%
60%
80%
100%
1 2 3 4
Catalyst
Yield
RME
gRME
Figure 6 Metrics describing the performance of the benzyl
acetate synthesis.
0
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100
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140
160
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PM
I
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Remainder
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Figure 7 The process mass intensity of the synthesis of benzyl
acetate with different catalysts.
OH
OH
O O
O
- H2O
Scheme 5 The Fischer esterification of acetic acid and
1-butanol.
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NMP and sulphuric acid (25 mol%), the related Fischer
esterification to give butyl acetate was attempted to ex-
tend the study of the phase separating esterification
process (Scheme 5). At ambient temperature the yield of
the reaction was an unsatisfactory: 49% of the theoretical
maximum after 18 hours. The product purity was a
similar standard to the previously discussed benzyl acet-
ate synthesis. In order to improve the reaction between
1-butanol and acetic acid, [H-NMP][HSO4] was applied
in reactions at elevated temperatures. The resulting yield
and the purity of the organic phase only became satisfac-
tory at 373 K (Figure 8). Regardless of what the catalyst
contributes to the reaction system, at this temperature
elimination of water will improve productivity by pre-
sumably removing the reaction equilibrium. Although it
was assumed that the formation of two distinct liquid
phases would disrupt the reaction equilibrium, the jump
in yield upon reaching 373 K suggests that at lower
temperatures the hydrolysis of the ester product is only
discouraged and the reversible reaction not fully
elminated. It is only at ambient or near-ambient0%
20%
40%
60%
80%
100%
273 293 313 333 353 373 393
T /K
Yield
Purity
Figure 8 The yield and purity of the butyl acetate ester phase
produced at various temperatures.
0%
20%
40%
60%
80%
100%
1 2 3 H2SO4
Catalyst
Yield
Purity
Figure 9 Yields and purity of ethyl levulinate.
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lysed reaction becomes appealing because of the effort
required to synthesise the catalyst needs to be off-set.
Reactions conducted at the boiling point of water will have
to compete with the benchmark set by Dean-Stark
apparatus assisted esterifications, which could be run using
bio-based limonene or p-cymene as the solvent to minim-
ise environmental sustainability concerns while still afford-
ing high yields [45,46]. Because (barring temperature) the
reaction procedure was equivalent in all runs, the mass-
based metrics of the reaction all follow a standard dictated
by the yield of the reaction.
The third model reaction was the Fischer esterification
to give ethyl levulinate (Scheme 6). Levulinic acid and
ethanol are both recognised bio-based platform mole-
cules [47,48]. As such the synthesis of ethyl levulinate
provides a more elaborate yet topical model system to
study. It also emphasises the broader role of potentially
bio-based auxiliaries such as [H-NMP][OCym] for the
synthesis of bio-based products, which would be severely
undermined if non-renewable chemicals were required
to bring about their production.
Catalyst loadings of 25 mol% at ambient temperature
were applied in an attempt to maximise yields of ethyl
levulinate under benign conditions, as they were with the
benzyl acetate case study. A three-fold excess of ethanol
was used because of the solid carboxylic acid reactant
when [H-NMP][OTs] was applied as the catalyst needed
more fluid to create a homogeneous reaction mixture. To
a large extent this defeats the point of using a Brønsted
acidic ionic liquid because they are not remarkable cata-
lysts in their own right and in this case do not serve in
their additional role as the solvent. Even though it was not
strictly necessary an excess of ethanol was also used in the
remaining reactions to maintain a fair comparison. The
product was extracted after 18 hours by adding diethyl
ether because a biphasic separation of the product was not
observed. The use of water was avoided because of the
aqueous solubility of the ester product. Sulphuric acid was
introduced as a benchmark catalyst and proved to be the
most effective (85% yield). The NMP derived Brønsted
acidic ionic liquids afforded the ester in yields of between
50-60% (Figure 9). The product purity resulting from ca-
talysis by sulphuric acid was the only example to reach anOH
O
O
OH
O
O
O
- H2O
Scheme 6 The synthesis of ethyl levulinate by Fischer
esterification.acceptable level. This makes it hard to justify the use of
ionic liquid catalysts, themselves synthesised from
sulphuric acid, to produce inferior results in this instance.
It is important to consider the synthesis of the
Brønsted acidic ionic liquids when considering the
metrics that define the reaction productivity. For the ex-
ample of [H-NMP][OCym], encompassing the synthesis
of NMP from glutamic acid and p-CSA from limonene
drastically worsens the PMI associated with ethyl levuli-
nate production (Figure 10). A lot of this hidden impact
is solvent, specifically the non-renewable DCM currently
utilised to make [H-NMP][OCym]. The majority of the
mass input is actually the water needed for the steam dis-
tillation of citrus waste to obtain the limonene used to
make p-cymene and on to p-CSA. Energy use is not
accounted for, nor are the consequences of toxicity or
pollution, as is the case for all of the prominent mass
based metrics. This would need to be factored in when
choosing a suitable Fischer esterification catalyst. The
synthesis of [H-NMP][OTs] obviously differs from
[H-NMP][OCym] in the sourcing of the precursor arene,
which being toluene will be sourced by fractionating
catalytically reformed cuts of petroleum [21], whereas
p-cymene can be made from citrus waste. Although there
is negligible waste associated with the separation of tolu-
ene from petroleum, sulphonation followed by addition
to NMP introduces the possibility of waste streams simi-
liar to those in the synthesis of [H-NMP][OCym]. One
advantage in the process of toluene sulphonation is that
020
40
60
80
100
120
140
160
3 3 (full)
PM
I
Catalyst
Remainder
Water
Solvent
Figure 10 Different process mass intensity calculations for the
synthesis of ethyl levulinate.
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[26]. Because of its higher boiling point p-cymene is
sulphonated with an excess of sulphuric acid [32], the
surplus ultimately translating to waste.
Even though they were the most successful conditions, a
25 mol% loading of sulphuric acid at ambient temperature
is not a representative of typical operating conditions. His-
torically methodologies employing higher temperatures
but lower catalysts loadings have been preferred instead.
Several examples in the literature can be used to illustrate
this. The Fischer esterification between ethanol (now just
one equivalent) and levulinic acid at 323 K using only
1 mol% of p-CSA as a catalyst gave an improved yield
(Table 3) [32]. In another example, the esterification of
levulinic acid in an excess of ethanol could be promoted
using a sulphonated mesoporous carbon supported cata-
lyst (5) [49]. Sulphuric acid in combination with the classicTable 3 Ethyl levulinate synthesis protocols
Catalyst Molar equivalents of ethanol So
[H-NMP][OCym] (25 mol%) 3 equivalents No
p-CSA (1 mol%) 1 equivalent p-
5 (5 mol%) 30 equivalents Aq
Sulphuric acid (2 mol%) 2 equivalents Bebut carcinogenic solvent benzene provided ethyl levulinate
in 81% of the theoretical maximum [50].
In terms of metric analysis, the bio-based Brønsted
acidic ionic liquid catalysed methodology developed in
this work fares poorly by comparison to procedures
using less catalyst but at higher temperatures (Figure 11).
Temperature, or rather more precisely energy, along with
toxicity etc. are not accounted for in mass-based metrics
which makes a holistic comparison difficult. It has a super-
ior RME to the supported sulphonic acid catalysed meth-
odology but this is due to the large excess of ethanol used
in the latter instance [49]. The best mass utilisation comes
from the use of sulphuric acid in benzene as a reaction
system [50]. Given the precedent of p-cymene as a solvent
[32], which should narrowly outperform benzene in esteri-
fications based on polarity arguments [38], the substitu-
tion of benzene in sulphuric acid catalysed Fischer
esterification would create a more benign but similarly ef-
ficient reaction system. The supported sulphonic acid cat-
alysed protocol uses excess alcohol as the solvent, which
may be considered as the ultimate solvent in terms of
greenness and reaction productivity. However this is an
unrepresentative scenario of esterification as a whole, with
fine chemicals and pharmaceuticals often constructed
from expensive solid alcoholic reactants that are unsuit-
able in the role of solvent.
The most typical of catalysts, sulphuric acid arguably of-
fers the best performance as a function of catalyst loading,
whilst maintaining low environmental impact, if in fact ul-
timately unsustainable. Thus it is important to ask why so
much effort has been invested into the development of
more elaborate catalysts, often requiring sulphuric acid as
a reagent anyway. Sulphuric acid is known to be corrosive
[51], and also able to dehydrate alcohols [52]. It is also not
recyclable, which becomes a concern in high volume pro-
cesses. Designing and implementing heterogeneous acid
catalysts that can be reused, or employing sulphonic acids
or their salts which are considered to be less corrosive than
sulphuric acid [15], has been a major topic within green
chemistry, and work will continue in this area for as long
as the productivity of sulphuric acid catalysed reactions
continues to provide the best product returns.
Experimental
All reactions were performed under air without any ef-
fort made to exclude water. p-Cymene-2-sulphonic acidlvent Temp./K Yield (purity) Ref.
ne 293 50% (66%) This work.
Cymene 323 71% (>95%) [32]
ueous ethanol 353 85% (>99%) [49]
nzene 353 81% [50]
0%
20%
40%
60%
80%
100%
3 p-CSA 5 H2SO4
Catalyst
Yield
RME
gRME
Figure 11 The metrics of different ethyl levulinate
production strategies.
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literature [32]. All other chemicals were used as re-
ceived. Characterisation of the ester products was con-
sistent with authentic samples.
N-Methyl pyrrolidinonium p-cymene-2-sulphonate
To p-CSA, crystallised as the dihydrate (2.50 g,
0.01 mol), dissolved in DCM (20 mL) was added NMP
(0.96 mL, 0.01 mol) dropwise. The resultant reaction
mixture was stirred overnight to give N-methyl pyrroli-
dinonium p-cymene-2-sulphonate as a pale yellow liquid
(3.05 g, 97% of the theoretical yield). NMR: δH (400 MHz,
DMSO-d6) 0.98 (6H, d,
3 J = 6.9 Hz, CHCH3), 1.70 (2H, q,
CH2-4), 2.00 (2H, t, CH2-5), 2.28 (3H, s, NCH3), 2.65
(1H, m, CHCH3), 3.11 (2H, t, CH2-3), 6.88 (2H, m, ar),
7.43 (1H, d, ar)/ppm; NMR: δC (100 MHz, DMSO-d6)
17.32, 19.69, 24.03, 29.18, 20.30, 33.09, 48.70, 124.46,
126.97, 131.02, 132.96, 144.97, 145.25, 174.13 /ppm. IR: ν
(neat) 2962, 1659, 1489, 1456, 1404, 1229, 1156, 1084, 1015,
964, 907, 828, 720, 687, 619/cm-1.
Benzyl acetate
In the absence of an auxiliary solvent acetic acid (12 mmol)
and benzyl alcohol (12 mmol) were added to the chosen
catalyst (3 mmol) and stirred for 18 hours at the ambient
temperature at 300 rpm. If [H-NMP][HSO4] was used as
the catalyst the product could be decanted from the reac-
tion. Otherwise diethyl ether (10 mL) and water (10 mL)
was added, the organic phase separated and washed withwater (2 × 10 mL), dried with magnesium sulphate, filtered
and concentrated in vacuo to give benzyl acetate as a yel-
low liquid.
The kinetics of benzyl acetate synthesis were moni-
tored by taking 1H-NMR spectra at suitable intervals
and integrating the benzylic CH2 signal of the product
and comparing it to the corresponding benzyl alcohol
signal. The procedure mirrors that utilised by Wells
et al. previously [53]. Typically acetic acid (0.32 mL,
5.50 mmol) and benzyl alcohol (0.52 mL, 5.00 mmol)
were added to the desired quantity of catalyst as a
preheated solution in p-cymene (5 mL) at 323 K.Butyl acetate
Acetic acid (0.46 mL, 8.00 mmol) and 1-butanol (0.73 mL,
8.00 mmol) were added to [H-NMP][HSO4] (0.394 g,
25 mol%) and stirred at 300 rpm at the desired temp-
erature for 18 hours. After this time the product was dec-
anted from the reaction mixture and characterised.Ethyl levulinate
Levulinic acid (0.464 g, 12 mmol) and the chosen cata-
lyst (1 mmol) were added to ethanol (0.70 mL, 12 mmol),
and the resultant mixture stirred for 18 hours at the am-
bient temperature at 300 rpm. At this point diethyl ether
(10 mL) and potassium carbonate were added, and the
mixture filtered before concentrated in vacuo to give
ethyl levulinate as a colourless oil.Conclusions
The synthesis of Brønsted acidic ionic liquids for im-
plementation in esterification chemistries has become
popular in the last decade, but the state of the art lacked
a greater context with respect to what benefits these cata-
lysts actually provide in the widest sense. To address this,
a bio-based ionic liquid, [H-NMP][OCym], was syn-
thesised for the first time and compared to its non-
renewable analogues and more typical Brønsted acid
catalysts. Although generally the shift from unsustainable
chemicals to renewable bio-waste derived alternatives
cannot be viewed as anything but agreeable, adequate
yields whilst minimising waste could only realistically be
achieved with sulphuric acid in the synthesis of ethyl
levulinate. The results of other authors are consistent
with this [13]. The other case studies presented in this
work could only be concluded in a similar way, provok-
ing a rethink towards the design, synthesis, implementa-
tion, and inevitable waste disposal issues of Brønsted
acidic ionic liquids. This is particularly poignant for
esterifications, which are in fact suited to low polarity
solvents [38], and not ionic liquids [53].
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